TiO 2 photocatalysis represents a promising class of oxidation techniques that are intended to be both supplementary and complementary to the conventional approaches for the removal of refractory and trace organic contaminants in water and air. Powdered TiO 2 dispersion systems employed in most studies require an additional separation step to recover the catalyst from the effluent water, which represents a major drawback for large scale applications. The optimization of photocatalytic treatment systems involves merging the benefits of catalyst immobilization on a retainable support, thus eliminating the need for downstream catalyst separation, maximization of photon-exposed catalyst area, and continuous operation.
Introduction
TiO 2 photocatalysis represents a promising class of oxidation technique that is intended to be both supplementary and complementary to the conventional approaches for the removal of refractory and trace organic contaminants in water and air [1, 2, 3, 4] . Light-induced redox reactions take place on or near the surface of a catalyst and unselectively oxidize the contaminants into non-toxic products such as water, CO 2 , and simple mineral acids [5, 6, 7] .
Being a surface-mediated process, photocatalysis requires a high surface area to yield efficient degradation of dissolved contaminants. Typical photocatalytic treatment systems employ dispersions of powdered-TiO 2 with average particle size of 25 nm, which offer a high surface-to-mass ratio but normally require post-treatment separation. Such a requirement represents a major limitation for large scale applications as catalyst recovery is generally an energy intensive process, increasing overall capital and operational costs [8, 9] . In solar induced decontamination systems, for example, the cost requirement for post-treatment recovery of catalyst particles may even invalidate altogether the amount of energy savings claimed for such a process [10] .
As an alternative to slurry-type systems, the photocatalyst may be immobilized onto a support material such as quartz, glass, zeolite, or silica gel, eliminating or minimizing the need for downstream removal [8, 11, 12, 13, 14] . However, catalyst immobilization is not without shortcomings; for instance, it results in a much lower surface-to-mass ratio, which restricts processing capacities due to possible mass transfer limitations [15, 16] .
Efficient immobilized photocatalyst systems require optimal irradiation of the fixed catalyst, along the possibility to operate continuously. Since photocatalytic reactions are local, i.e., they require the triple encounter of the surface, the reactant(s) and the photon(s) [17] , photocatalytic reactor design must be based on maximization of the irradiated catalyst surface in contact with the dissolved contaminant.
One way to combine the benefits of catalyst immobilization and the need for irradiation optimization and continuous operation is through bed fluidization of a catalyst-coated support material. As reported by others [18] , fluidized-bed reactors can improve efficiency of advanced-oxidation processes used for contaminant removal from water, by eliminating waste and the need for post-treatment. Prevailing limitations of such configuration include the lack of understanding of the effects of reactor geometry on process efficiency and treatment cost.
The research reported herein presents the results of photocatalytic experiments for the oxidation of phenol in a bench-scale annular fluidizedbed batch reactor with a concentric UV-C lamp and anatase TiO 2 -coated silica gel beads as bed material. Previous studies on reactors with similar configuration have focused primarily on evaluating catalyst synthesis and stability, and overall system photocatalytic activity [19] . However, little has been done to assess the impact of important parameters related to reactor and bed characteristics. Therefore, this paper aims to evaluate the effect of so-far-overlooked operational variables, such as bed particle size and concentration, and reactor geometry, on energy expenditure during mineralization of varying contaminant loads. Experimental data analysis was used for establishing an optimum configuration of the fluidized bed reactor, and then its photocatalytic efficiency compared to that of suspended P25 TiO 2 under similar experimental conditions.
Experimental

Photocatalytic reactor
A photocatalytic treatment system consisting of a stainless-steel tubular batch reactor equipped with a concentric UV-C lamp, shown in Fig. 1a and b, was built to the specifications presented in Table 1 . The design satisfied the following criteria: easy implementation in a laboratory setting, complete and uniform fluidization of the bed material throughout the bulk reactor volume by means of fluid recirculation, uniform light distribution across the liquid bulk, ready connection to a compressed-oxygen source, easy replacement of bed material, and accessible sampling ports.
Stainless steel 316 was used for all parts of the reactor, which consists of a vertical tube 457-mm long, with an inside diameter of 50.8 mm, and a total inner volume of 800 ml. A UV-C lamp (LMP-GPH436T5L/HO/ 4PSE) with a nominal output of 120 μW cm À2 at 254 nm served as the light source. The lamp was placed concentrically inside the reactor and encased in a high clarity quartz sleeve with an external diameter of 25.4 mm, yielding a reactor annular area of 1.6 Â 10 À3 m 2 .
The irradiated length, which corresponds to the arc section of the lamp submerged in liquid, was 375 mm which results in an effective (or irradiated) volume of 600 mL. The intensity of irradiated UV-C light perpendicular to the surface of the lamp was measured with a UV sensor (Cole Parmer Digital Radiometer UVX-25).
A stainless-steel fitting was installed at the top of the reactor for feeding oxygen from a compressed-oxygen tank, thus creating a pressurized headspace above the bulk liquid in the reactor. Inlet and outlet ports were placed perpendicularly and tangentially to the surface of the tube (Fig. 1a) , with inlet at the bottom and outlet at the top, thus forcing the liquid to flow in an upward helical pattern. A peristaltic pump (Cole Parmer Masterflex I/P modular analog pump with benchtop controller, model 77601-10) was used for fluid recirculation. , equivalent to a velocity of 5.6 Â 10 À3 ms À1 through the reactor annular space), while also allowing for rapid particle settling after shutting the pump off.
For any silica gel sample, bed porosity (ε) in water was calculated to be 0.45, with an approximate pore volume of 0.95 mL g À1 of silica gel. A sphericity factor (φ) of 0.78 was assumed for the silica gel beads due to its irregular shape. The external silica surface area was found using Eq. (1):
where d represents the mean geometric diameter of the silica beads. Table 2 shows the external surface area per unit mass for the different particle diameters used for catalyst support as calculated with Eq. (1). A common sol-gel technique selected for its simplicity and economical implementation was used to synthetize and deposit TiO 2 on the silica gel particles [20, 21] . 2.7 mL of concentrated HCl were added into a mixture containing 15 ml of titanium (IV) isopropoxide (98þ% by Acros Organics) and 100 mL of absolute ethanol. A 100-mL beaker containing silica gel beads was placed in a 300-mL beaker containing ethanol, then covered with a watch glass and warmed at 80 C for 1 h. Silica gel beads were washed with ethanol, immersed in the precursor solution for 90 min, filtered using suction, and dried at 110 C following drying at room temperature overnight. The beads were then heated in an electric furnace at 450 C for 3 h. The amount of TiO 2 anchored onto the silica beads could be increased by subjecting the beads to repeated coating treatments. Batches of silica gel coated with one, two and three sol-gel layers were prepared. The morphology of the photocatalyst layer after three consecutive depositions was examined by scanning electron microscopy (Carl Zeiss LEO 1530VP-FESEM) and is shown in Fig. 2 .
Photocatalytic experiments
In a typical photocatalytic experiment, the reactor was loaded with a known amount of coated silica gel beads and 800 mL of an unbuffered phenol aqueous solution of a prescribed concentration. The resulting mixture was then recirculated at the minimum rate that produced complete bed fluidization, or 8.9 Â 10 À6 m 3 s À1 (530 mL min À1 ), and saturated with oxygen by contact with a pure-oxygen headspace.
Temperature of the mixture was not controlled but allowed to vary freely during the experiments.
The mixture was recirculated in the dark for an hour to allow for adsorption equilibrium. Then, UV-C irradiation was initiated by placing the lamp inside the quartz casing. 30-mL samples were taken at 30-minute intervals throughout the 8-hours-long experiment. Temperature, pH, and dissolved oxygen concentration (DO) were measured immediately after sample collection with Thermo-Scientific Orion probes and multimeter. Then, the sample was filtered through a 0.45-μm cellulose nitrate filter (Whatman Ltd.) to remove suspended and colloidal matter (Standard Method 5910 for Determination of UV-C Absorbing Organic Constituents). After filtration, COD was measured using a UV-Vis Spectrophotometer (Hach DR 5000) according to the USEPA Reactor Digestion Method (Method 8000) with Hach TNT Plus 822 and 821 vials for high and low range COD concentrations, respectively. Test accuracy is AE2% for high range and AE5% for low range COD determination. In this research, COD was used as indicator of contaminant load. Control experiments consisted of adsorption in the dark, photolysis, and simultaneous photolysis and adsorption.
The optimal bed load and silica bead size were determined by varying the mass (5, 10, 20 and 30 g L
À1
) and size (224, 357 and 461 μm) of the catalyst-coated silica beads in the mixture. The effect of the number of sol-gel depositions and initial phenol concentration on the photocatalytic efficiency of the system was assessed by using particles with one and three catalyst layers and by varying the initial phenol concentrations from 0.25 mmol L À1 to 4.0 mmol L
, respectively. Finally, the fluidizedbed reactor performance was compared to that of the same reactor operated in slurry-mode with a 1.25-g L À1 P25 TiO 2 suspension (anatase nano-powder, particle size <25 nm, 99.7% trace metals basis by Sigma Aldrich). This amount is equivalent to the mass of TiO 2 deposited on 20 g L À1 of silica particles after a single sol-gel deposition.
The efficiency of the photocatalytic system is expressed herein as the accumulated energy, Q UV , in kJ L
, required for partial mineralization, as proposed by others [22] . This parameter, as per Eq. (2), takes into consideration the radiant power densityE R , reaching the surface area of exposed catalyst, A R ; as related to the total reactor volume, V T :
where Δt n is the differential experimental time. Values of E R ; A R and V T for the experimental reactor are presented in Table 1 . Since the product of radiant power density and irradiated surface area yields the radiant power, Φ R ; Eq. (2) can be rewritten as: Table 2 External surface area per unit mass for different silica gel particle diameters. 
Thus, by measuring the elimination of COD with irradiation time, the accumulated energy necessary for the mineralization of 50% of the initial dissolved COD, or Q 0.5 , can be calculated from Eq. (3).
Results and discussion
Effect of concentration and size of silica gel particles
Experimental results indicate that both bed concentration (bed mass per unit volume of mixture) and silica particle size affect the photocatalytic efficiency of the system by either limiting reactive sites availability or contributing to the apparent turbidity of the mixture.
Typical experiments performed using four different bed concentrations (5, 10, 20 and 30 g L
À1
) and three silica beads sizes (224, 357 and 461 μm) coated with a single catalyst layer demonstrate such effect on the accumulated energy, Q 0.5 , as shown in Fig. 3 . Here, for any given particle size, there is an optimum bed concentration of 20 g L À1 for which Q 0.5 reaches a minimum and increases for lower and higher concentrations of coated particles in the mixture. A similar behavior can be observed in Fig. 4 , where accumulated energy is plotted against equivalent surface area of coated silica per unit volume of mixture, or bed surface area concentration (calculated from Table 2 ). Fig. 4 shows that there is an ideal surface area concentration that yields a maximum efficiency for each of the different experimental particle sizes, and also that as particle size increases, not only photocatalytic efficiency decreases, but also the magnitude of change in Q 0.5 becomes larger for other-than-optimum bed concentrations.
The decreased efficiency observed in the case of lower-than-optimum bed concentration is indicative of system exhaustion, or the hindering of the photo-oxidation capability of the system owing to saturation and reduced photonic activation of the catalyst surface produced by an excessive substrate concentration relative to the available photogenerated active sites. In the case of higher-than-optimum bed concentrations, the light blocking effect of particles overload is likely responsible for the decreased catalyst activation rate.
The observed influence of catalyst surface area on degradation rate also provides clues of the type of photo-oxidation mechanism prevalent for this type of system. It has been reported that for compounds that can react by direct electron transfer, the removal rate decreases with the surface area. The opposite occurred for compounds prone to react through OH radical-mediated attack [23, 24] . Also, the photo-redox chemistry that occurs at the semiconductor surface is emanated from trapped electrons and trapped holes rather than from free valence band holes and conduction band electrons [25] , which confirms the surface-bound nature of the interactions between trapped covalent band electrons and valence band holes, and the bulk liquid as suggested by the experimental results. Therefore, either by direct substrate oxidation, trapped electron-hole generation of oxidative radicals, or a combination of both mechanisms, the photocatalytic oxidation of phenol is limited by the catalyst surface area available for active sites formation, and accessible by contaminants and photons. In such scenario, mass transfer phenomena would play a secondary, non-limiting role.
Effect of initial phenol concentration
In photocatalytic studies on phenol oxidation in oxygenated solutions with TiO 2 powder in suspension, high initial phenol concentrations have been reported to negatively affect the pseudo-first order reaction rate constant, producing an inhibitory effect on the apparent rate constant, or that phenol mineralization decreased with increasing initial phenol concentration [26, 27, 28, 29] . In the case of the fluidized-bed reactor with coated bed material used in this research, the combined effect of both phenol and bed concentration in the mixture was studied through typical photocatalytic experiments varying the initial phenol concentration from 0. , bed concentration appears to have no effect on the degradation rate.
This phenomenon has been attributed to the photonic nature of the photocatalytic reactions, which means that, at high enough contaminant concentrations, photocatalyst deactivation occurs due to the simultaneous saturation of the TiO 2 surface and reduction of the photonic efficiency [30, 31] . Some authors have proposed that such decrease in the reaction rate at high substrate concentration is due to the presence of back reactions [32, 33] , scenario that considers the possibility of a substrate radical being able to inject an electron into the conduction band of the semiconductor surface [34] .
Reactor performance comparison
The performance of the experimental fluidized-bed photocatalytic reactor was compared to that of the same reactor operated under different conditions. This was done with a dual purpose: (i) to demonstrate the improved removal efficiency of the proposed reactor compared to, for example, combined adsorption over clean silica gel and UVphotolysis, and (ii) to estimate the photocatalytic efficiency lost due to catalyst immobilization, by measuring the COD disappearance rate in an irradiated TiO 2 dispersion. Specifically, the reactor performance was evaluated for the following processes using a phenol aqueous solution with initial concentration of 1.0 mmol L Additional typical experiments were performed using the previously determined optimum bed concentration of 20 g L À1 and silica beads treated with three consecutive sol-gel depositions. Results showing the change in COD remaining fraction with time for different processes are summarized in Fig. 7 . Adsorption of phenol on the silica particles is low, and COD removal after 8 h of contact is negligible. On the other hand, photocatalysis with anatase nano-powder removes all the initial COD after only 4 h of irradiation. Photolysis was slightly more efficient than combined photolysis and adsorption on uncoated silica, evidencing the light-blocking effect of the fluidized bed particles. Photocatalysis using a fluidized bed of tripledcoated silica particles was 100% more efficient than photolysis only in removing the initial COD after 8 h of treatment.
By conducting experiments similar to the ones depicted in Fig. 7 for varying initial phenol concentrations, it is possible to determine the influence of contaminant load on the reactor performance measured as the COD removal after 8 h of irradiation (8-h COD) and Q 0.5. Corresponding results are presented in Figs. 8 and 9 .
According to Fig. 8 , the maximum photocatalytic efficiency in the experimental reactor is achieved in slurry-mode using TiO 2 nano-powder. This process removes all the phenol-derived COD for initial concentrations lower than 2.0 mmol L
À1
. The 8-h removal efficiency decreases for higher substrate concentrations. Also, at very low (0.25 mmol L
) and very high (4.0 mmol L À1 ) initial phenol concentrations, photocatalysis on TiO 2 powder is as efficient at removing COD as the photocatalysis on fluidized silica particles with three layers of catalyst. Fig. 8 also shows that at very low contaminant concentrations, photolysis and photocatalysis on silica with a single deposition yield the same COD removal.
A similar trend is observed in Fig. 9 , where the Q 0:5 increases with phenol concentration for all the compared processes. When measuring photocatalytic efficiency as a function of energy consumption, photocatalysis on suspended TiO 2 particles is in average 50% and 30% more efficient than the same process on the fluidized bed of silica beads with one and three layers of catalyst, respectively, for all the experimental initial phenol concentrations. Photolysis can only achieve the halfconcentration point at the very low initial phenol concentration of 0.25 mmol L
.
Conclusions
The photocatalytic elimination of phenol-derived COD in the experimental fluidized-bed tubular reactor is significantly affected by the size and concentration of the catalyst support in the bulk mixture. Results show that for any given mass of fluidized bed, efficiency increases with decreasing particle size, suggesting that catalysts with lower surface area provide lower mineralization rates, and that high catalyst surface area is beneficial as it provides higher concentration of active sites per surface unit, thus leading to superior reactivity. However, as shown in this study, even for the same surface area concentration, process efficiency decreases with increasing particle diameter, indicating that the particle size has a direct influence on photon efficiency by producing a blocking effect between the light source and the catalyst surface. Additionally, it was demonstrated that, for the experimental tubular fluidized-bed reactor with concentrical lamp, an excess of particles can create a light shielding effect which reduces the catalyst surface area being exposed to illumination. Therefore, an optimum bed concentration of 20 g of coated silica beads per liter of mixture was observed to maximize degradation efficiency while minimizing energy expenditure.
Results also indicate that photocatalytic degradation rate of COD decreases with increasing initial phenol concentrations over the entire experimental range of particle sizes, bed loads and number of TiO 2 layers. In the case of phenol, photo-oxidation intermediate compounds increase the time and energy necessary for COD elimination owing to the direct competition over limited unselective reactive sites on the catalyst surface and to the reduction in photon efficiency caused by the increased absorbance of the irradiated mixture.
Additional layers of TiO 2 on the support particle increases photocatalytic efficiency by improving catalyst surface availability for photon absorption and substrate oxidation. This is an important factor in photocatalytic reactions, where organic substrates can be oxidized both directly by trapped holes and indirectly by surface-adjacent radicals, thus requiring the confluence of catalyst, photons and substrate.
When comparing the reactor performance for the different processes evaluated, the maximum efficiency was obtained in slurry-mode using a 1.25-g L À1 suspension of P25 TiO 2 nano-powder. In general, for initial phenol concentrations between 0.5 and 4 mmol L
À1
, the Q 0.5 of photocatalysis on P25 TiO 2 is in average 50% lower than the Q 0.5 of photocatalysis on a fluidized bed of 357-μm-particles with a single sol-gel deposition, and 30% lower for 357-μm-particles with three consecutive depositions. However, COD removal efficiency is similar for the P25 suspension and the fluidized-bed system using 357-μm-particles with three depositions at phenol concentrations as low as 0.25 mmol L
. On the other end of the spectrum, at high phenol concentrations, substrate oxidation by photocatalysis becomes ineffective and energy intensive for any configuration.
Although optimization of catalyst stability and photon efficiency are necessary to improve reactor performance, the proposed photocatalytic system demonstrates the feasibility of photo-oxidizing dissolved pollutants in fluidized bed reactors at a rate comparable to that of slurry-type systems, specially at the low concentrations range normally found in drinking water. This combined with the advantage of catalyst retention and reuse, and the possibility of employing visible-light active photocatalysts, make these type of reactors a viable, sustainable alternative to other more energy intensive advanced-oxidation methods.
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